Hashimoto's thyroiditis (HT) is associated with HLA, but the associated allele is still controversial. We hypothesized that specific HLA-DR pocket-sequence variants are associated with HT and that similar variants in the murine I-E locus (homologous to HLA-DR) predispose to experimental autoimmune thyroiditis (EAT), a classical mouse model of HT. Therefore, we sequenced the polymorphic exon 2 of the HLA-DR gene in 94 HT patients and 149 controls. In addition, we sequenced exon 2 of the I-E gene in 22 strains of mice, 12 susceptible to EAT and 10 resistant. Using logistic regression analysis, we identified a pocket amino acid signature, Tyr-26, Tyr-30, Gln-70, Lys-71, strongly associated with HT (P ‫؍‬ 6.18 ؋ 10 ؊5 , OR ‫؍‬ 3.73). Lys-71 showed the strongest association (P ‫؍‬ 1.7 ؋ 10 ؊8 , OR ‫؍‬ 2.98). This association was seen across HLA-DR types. The 5-aa haplotype Tyr-26, Tyr-30, Gln-70, Lys-71, Arg-74 also was associated with HT (P ‫؍‬ 3.66 ؋ 10 ؊4 ). In mice, the I-E pocket amino acids Val-28, Phe-86, and Asn-88 were strongly associated with EAT. Structural modeling studies demonstrated that pocket P4 was critical for the development of HT, and pockets P1 and P4 influenced susceptibility to EAT. Surprisingly, the structures of the HTand EAT-susceptible pockets were different. We conclude that specific MHC II pocket amino acid signatures determine susceptibility to HT and EAT by causing structural changes in peptidebinding pockets that may influence peptide binding, selectivity, and presentation. Because the HT-and EAT-associated pockets are structurally different, it is likely that distinct antigenic peptides are associated with HT and EAT.
H
ashimoto's thyroiditis (HT) is among the most common human autoimmune diseases with a population prevalence in the United States of 1-4.6% (1, 2) . HT is characterized by infiltration of the thyroid by autoreactive T and B cells causing thyroid cell death and production of anti-thyroid peroxidase (TPO) and antithyroglobulin (Tg) antibodies (reviewed in ref. 3) . Clinically, the disease manifests by hypothyroidism requiring thyroid hormone supplementation, and most patients develop goiter. The pathogenesis of HT is believed to involve a complex interaction between inborn genetic susceptibility (reviewed in ref. 4) and an external trigger such as infection (5) or iodine (6) . As a result, thyroidspecific T cells become activated and infiltrate the thyroid. The thyroid-infiltrating T cells induce thyroid cell death, causing gradual destruction of the thyroid gland, hypothyroidism, and goiter (reviewed in ref. 3) .
The MHC gene locus encoding the HLA glycoproteins in humans consists of a complex of genes located on chromosome 6p21 (reviewed in ref. 4) . Because the HLA region is highly polymorphic and contains many immune response genes, it was the first candidate genetic region to be studied for association with HT. However, in contrast to the clear association of Graves' disease (GD) with HLA-DR3, data on HLA alleles in HT have been less consistent and thus less definitive (4) . Early studies showed an association of goitrous HT with HLA-DR5 (7) and of atrophic HT with -DR3 (8) . Later studies have reported associations of HT with HLA-DR3 (9, 10), -DR4 (11, 12) , or -DR5 (13) in Caucasians. The prevalent assumption is that these discrepancies are caused by the wide variation in the diagnostic criteria for HT ranging from the simple presence of thyroid autoantibodies with focal lymphocytic infiltration to the presence of goitrous or atrophic thyroiditis characterized by gross thyroid failure (14) . Another possible explanation is that specific sequences within the HLA-DR molecule that are present across HLA-DR types predispose to HT; therefore, no specific DR type shows significant association with HT.
In several autoimmune diseases, including type 1 diabetes (T1D) (15) and rheumatoid arthritis (16) , there is persuasive evidence that the disease is associated with specific amino acid sequences within the MHC class II genes. Moreover, we recently have shown that a specific HLA-DR pocket variant containing arginine at position 74 is strongly associated with GD (17) . A similar situation might exist in HT. Thus, we hypothesized that specific amino acid variants within the HLA-DR peptide-binding pocket predispose to HT, in a manner similar to that shown for other autoimmune diseases. However, the sequence of the DRB1 gene has not been investigated in HT thus far. Therefore, the aims of our study were to determine the HLA-DR amino acid sequence in a cohort of well characterized HT patients and to compare those sequences with the HLA-DR sequences in matched controls. Our results demonstrated that specific amino acid signatures within the HLA-DR peptide-binding pockets conferred strong risk for HT. Moreover, these amino acid signatures are different from those we have identified in mice that are susceptible to autoimmune thyroiditis, suggesting that different antigenic epitopes are involved in the etiology of autoimmune thyroiditis in humans and in mice.
(17%), whereas 42 patients (44.7%) had a normal thyroid volume; in 36 patients (38.3%) definitive thyroid anatomy was not available.
HLA-DR Typing. Typing was performed in 94 patients and 153 controls. We found a significantly higher frequency of DR3 in patients than in controls. The DR3 allele was present in 29/94 patients (15.4%) and in 22/153 controls (7.2%) [P ϭ 2 ϫ 10 Ϫ3 , odds ratio (OR) ϭ 2.7]. In addition, the DR4 allele was more frequent in the HT patients; it was found in 37 of 94 patients (19.7%) and in 43 of 153 controls (14.1%), but this difference did not reach statistical significance (P ϭ 0.06, OR ϭ 1.7). DR1 and DR8 were significantly more frequent in the control group than in patients, suggesting a protective role in the development of HT. DR1 was present in 15 of 94 patients (8%) and in 44 of 153 controls (14.4%) (P ϭ 0.02, OR ϭ 0.47), and DR8 was found in 3 of 94 patients (1.6%) and in 17 of 153 controls (5.6%) (P ϭ 0.03, OR ϭ 0.3). The other DR specificities did not differ significantly between patients and controls [see supporting information (SI) Table S1 ].
HLA-DR Sequence Analyses in HT Patients and Controls.
Sequence analyses were performed successfully in all 94 patients and in 149 controls. Of the amino acid positions encoded by exon 2, 13 positions were polymorphic.
Significant differences in the frequencies of amino acids in patients and controls were seen at positions 26, 30, 47, 70, 71, and 74 (Table 1 and Table S2 ). The amino acid most strongly associated with HT was Lys at position 71 [P ϭ 1.65 ϫ 10 Ϫ8 , using the Cochran-Armitage test; OR ϭ 2.98; 95% confidence interval (CI) ϭ 1.98-4.51]. Tyr at position 26 was significantly more frequent in HT patients than in controls (18% vs. 8.1%, P ϭ 6.9 ϫ 10 Ϫ4 ; OR ϭ 2.52; CI ϭ 1.4-4.6), and Tyr at position 30 also was associated with HT (79.3% vs. 64.4%, P ϭ 7.5 ϫ 10 Ϫ4 ; OR ϭ 2.11; CI ϭ 1. 35-3.30) . At position 70, the presence of Gln was significantly higher in patients than in controls (P ϭ 4.3 ϫ 10 Ϫ3 ; OR ϭ 1.65; CI ϭ 1.11-2.45). Interestingly, Arg at position 74, which we had shown to be associated with GD (17), also was associated with HT in the current cohort (P ϭ 1.5 ϫ 10 Ϫ4 ; OR ϭ 3.4; CI ϭ 1.66-7.05) ( Table 1 ). In contrast, Tyr at position 47 showed a protective effect, because it was significantly more frequent in controls than in patients (63.1% vs. 52.7%, P ϭ 0.02; OR ϭ 0.65; CI ϭ 0.44-0.96) (Table S2 ).
Multiple Logistic Regression Analysis. To determine which amino acids and haplotypes are causative and to distinguish them from amino acids that are associated with HT only because of linkage disequilibrium (LD) with the causative variants, we performed a logistic regression analysis. The minimal haplotype that showed the strongest risk for HT was Tyr-26, Tyr-30, Gln-70, Lys-71 (P ϭ 6.18 ϫ 10 Ϫ5 ; OR ϭ 3.73; CI ϭ 1.4-9.4), with the allele Lys-71 giving the main contribution to the risk. Moreover, all of the risk alleles in this haplotype contributed independently to disease. The haplotype Tyr-26, Tyr-30, Gln-70, Lys-71, Arg-74 also was associated with HT (P ϭ 3.66 ϫ 10 Ϫ4 ; OR ϭ 3.45; CI ϭ 1.15-9.99), but the likelihood ratio test with the nested model Tyr-26, Tyr-30, Gln-70, Lys-71 was not significant, suggesting that Arg-74 had the least independent contribution to risk, because it is in tight LD with Lys-71. However, Arg-74 contributed most to the pocket structure conferring risk for HT (see below).
I-E Sequence Analysis in Mice Susceptible and Resistant to EAT. The I-E locus of the mouse is homologous to the human HLA-DR locus. To determine whether certain amino acid signatures within the murine I-E locus are associated with susceptibility to EAT, we sequenced the variable exon 2 of the mouse I-E gene in 22 strains of mice: 12 were susceptible to EAT, and 10 were resistant. Sequencing of exon 2 of the mouse I-E gene demonstrated that 27 of the 92 amino acid positions sequenced were polymorphic (Table  S3 ). Significant differences in the amino acid frequencies between susceptible and resistant strains were found at 14 of the 27 polymorphic amino acid positions ( Table 2 ). The most significant positions were 86, 88, and 28. At position 86, Ser was found in 9/10 of the mouse strains resistant to EAT and was not found in the susceptible mouse strains (90% vs. 0%, P ϭ 1.9 ϫ 10 Ϫ5 ). However, Phe was present in 10/12 susceptible mouse strains and in 1/10 of the resistant strains (83% vs. 10%, P ϭ 6.1 ϫ 10 Ϫ4 ). Lys at position 88 was found to have a protective role, as well. It was present in 9 of the 10 resistant mouse strains and in only 2 of the 12 susceptible strains (90% vs. 17%, P ϭ 6.1 ϫ 10 Ϫ4 ). In contrast, Asn at this position increased the risk for EAT (83% vs. 10%, P ϭ 6.1 ϫ 10 Ϫ4 ). At position 28 Glu was present in 8/10 resistant mouse strains and in 1/12 susceptible strains (80% vs. 17%, P ϭ 6.6 ϫ 10 Ϫ4 ), showing a protective role in the development of EAT. Val at the same position predisposed to EAT; it was present in 11/12 susceptible strains and in none of the resistance strains (83% vs. 0%, P ϭ 1.8 ϫ 10 Ϫ5 ). Apart from these three amino acid positions, the amino acids at positions 26, 30, 47, 70, 71, and 74 also were significantly associated with EAT, although the associations were weaker (Table  2) . Interestingly, these six positions showing weaker associations with EAT also were associated with human autoimmune thyroiditis (Table 1) . However, at two of these key six positions (amino acid positions 26 and 74), the amino acid residues associated with human autoimmune thyroiditis (Tyr-26, Arg-74) were distinct from the residues associated with EAT (Leu-26, Gln-74). These sequence differences resulted in distinct structural and peptide-binding properties of the human and mouse MHC II pockets that were associated with thyroiditis (see below).
Structural Modeling Studies
Comparison Between HT-Susceptible and -Resistant HLA-DR. We constructed the structural models of HT-susceptible and -resistant HLA-DR based on the genetic association results. The positions of HT-associated amino acids in HLA-DR and the changes in local properties upon substitution are listed in Table 3 . To compare the two structural models, we characterized the electrostatic potential on the surface of both molecules. The major difference is in the P4 pocket ( Fig. 1) , which is more positively charged in HT-susceptible HLA-DR (␤74-Arg) than in the HT-resistant HLA-DR (␤74-Gln/ Leu). This change would be expected to affect the selectivity of the binding of pathogenic peptides to the HLA-DR pocket and thus could increase the risk for developing HT by altering Tg or TPO peptide binding and presentation to T cells.
Comparison Between EAT-Susceptible and -Resistant I-E. We also generated the structural models of EAT-susceptible and -resistant I-E based on the sequencing results. The positions of structurally important EAT-associated amino acids in I-E, and the changes in local properties upon substitution are summarized in Table S4 . Comparison of the calculated electrostatic potentials on the surface of both molecules shows that the most significant differences are in P1 and P4 pockets (Fig. S1 ). In EAT-resistant I-E variants, the P1 and P4 pockets are more spacious because of ␤86 Phe Ͼ Ser in P1 and ␤71 Lys Ͼ Glu/Ala and ␤74 Glu Ͼ Ser in P4. These results suggest that EATinducing peptides also might bind to EAT-resistant I-E pockets, albeit with a lower affinity.
Comparison Between HT-Susceptible HLA-DR and EAT-Susceptible I-E.
Because EAT-susceptible mice frequently have been used to identify pathogenic Tg peptides (18) (19) (20) , we investigated whether the structure of the I-E pocket in EAT-susceptible mice is similar to the HLA-DR pocket in HT. Surprisingly, the structures of the EATsusceptible I-E pocket and the HT susceptible pocket are very different. The disease-associated DR pocket was neutral in P1, positively charged in P4, and negatively charged in P6 and P9 pockets, whereas all of the I-E pockets associated with EAT were negatively charged. Thus, inasmuch as such analysis exposes the essential characteristics of autoimmune peptide binding, it suggests that different types of autoantigenic peptides could bind and induce autoimmune thyroiditis in humans and in mice ( Figs. 1 and S1 ).
Discussion
Data on HLA class II alleles have been less definitive in HT than in GD or other autoimmune diseases. In the current report, we show that a molecular signature of HLA-DR pocket, determined by specific amino acids, confers a significant risk for the development of HT that is higher than the risk conferred by any previously identified HT gene, such as CTLA-4 (21) . The presence of the HLA-DR amino acids Tyr-26, Tyr-30, Gln-70, and Lys-71 in the pocket was strongly associated with HT in our dataset, whereas amino acids Leu-26, His-30, Arg-70, Arg-71, and Gln-74 are protective. Importantly, Arg-74, whereas in tight LD with Lys-71, contributed most to the pocket structure conferring risk for HT. Because the amino acid risk haplotype is present across several HLA-DR allelic subtypes, previous studies looking only at HLA-DR allele types in HT could not detect the effect of an amino acid group and gave mixed results. Thus, our results demonstrate the power of HLA class II sequencing in identifying specific amino acid variants that are associated with disease, as we have shown for GD (17) and now for HT. Moreover, identifying the specific three-dimensional pocket structures associated with HT enables us to dissect the potential biological effects of these variants on susceptibility to disease. The proposed mechanisms by which HLA class II molecules confer susceptibility to autoimmune diseases focus on the immunological synapse, or the interface between antigen-presenting cells and T cells. T cells recognize and respond to an antigen by *The location of the amino acid in the MHC pocket is given in parentheses. † The changes described here reflect the change in the amino acid residue itself (resulting from the amino acid substitution from HT-susceptible to HT-resistant residue), not the changes in MHC pocket. ‡ The amino acid residue at position ␤70 might interact with T cell receptor. interacting with a complex composed of an antigenic peptide and an HLA molecule (reviewed in ref. 22 ). It is thought that different HLA pocket variants confer different affinities for autoantigenic peptides (e.g., thyroid antigens). These peptides then are recognized by T cell receptors on cells that have escaped tolerance (23) . Thus, certain HLA-DR pocket variants may permit the autoantigenic peptides to fit into the antigen-binding pocket of the HLA molecule and to be recognized by the T cell receptor, whereas others may not (24) . This property, namely the ability of the pocket to bind a specific peptide, can determine whether an autoimmune response to thyroid autoantigenic peptides will develop. Indeed, studies on the structure of HLA variants associated with T1D provided strong evidence in support of this hypothesis. The highest risk for T1D is conferred by HLA class II alleles DQ8 and DQ2. At the molecular level the susceptibility to T1D has been correlated with a ␤57 polymorphism in HLA-DQ lacking Asp residue at this position (25) . Structurally, the DQ8/DQ2 pockets have particular features that allow presentation of insulin B:9-23 peptide, a peptide that is critical for the development of T1D (26) (27) (28) . The logistic regression analysis has shown that, even though Lys-71 was the pocket DR variant most strongly associated with HT, three additional variants, Tyr-26, Tyr-30, and Gln-70, contributed independently to disease risk, and Arg-74, albeit in tight LD with Lys-71, had some independent contribution to risk as well. These results are intriguing, because HT was associated with a five-pocket amino acids signature, but GD was associated with only one specific pocket amino acid variant (DR-␤74). This difference may indicate that the pocket organization conferring susceptibility to HT is more stringent than the pocket organization conferring susceptibility to GD. Moreover, the amino acid variant predisposing to GD (DR␤-Arg-74) also was associated with HT. Thus, the Arg-74 pocket variant may facilitate the binding of pathogenic peptides that can trigger both GD and HT, such as Tg-derived peptides. This notion is supported by our findings that variants of the Tg gene are associated with both GD and HT (29) . In contrast, the other four amino acid variants (Tyr-26, Tyr-30, Gln-70, Lys-71) that were specific for HT may influence the binding of HT-specific pathogenic peptides (e.g., TPO-derived peptides).
A B
Our sequencing and structural modeling analyses gave us some clues about the functional consequences of the amino acid variants we found to be associated with HT. At the structural level, the major difference between the DR variants predisposing to or protecting from HT was in the P4 pocket (Fig. 1) . The P4 pocket in HTsusceptible HLA-DR is more positively charged than the HTresistant HLA-DR. These findings provide the molecular basis for future prediction of pathogenic peptides that can fit into these disease-associated pockets.
Another interesting but somewhat surprising finding of this study is that the structure of the disease-associated pockets is different in human and mouse autoimmune thyroiditis. This difference is in contrast to T1D, in which the disease-associated pocket P9 has similar structure and peptide-binding properties in humans and in mice. The P9 pocket of the human diabetes risk allele DQ8 has a positive charge because an ␣79-Arg residue forms a salt bridge with the Glu-21 side chain of the insulin B:9-23 peptide. Therefore, the T1D risk alleles have a preference for binding peptides with negatively charged amino acids at the P9 pocket (26) . Similarly, the P9 pocket of I-Ag7, the risk allele for diabetes in nonobese diabetic mice, has Arg at the same position as DQ8 and has a preference for negatively charged residues on the insulin peptide (27, 28) . In contrast, the disease-associated pocket variants in human and mouse thyroiditis have distinct structures and peptide-binding properties. The HT-associated DR peptide-binding groove is neutral in pocket P1, positively charged in P4, and negatively charged in P6 and P9, whereas the I-E pocket that is associated with EAT is characterized by a nearly uniform negative electrostatic potential. This difference suggests that mice susceptible to EAT cannot serve as a good model for identifying Tg and TPO peptides that are relevant for human autoimmune thyroiditis (HT). Previously, several studies attempted to define pathogenic human Tg epitopes in HT by determining their ability to induce EAT in susceptible mice (18) (19) (20) . Our findings suggest that peptides identified using this strategy are relevant only to mouse thyroiditis (i.e., EAT), not HT.
In summary, we have identified MHC class II pocket amino acid signatures that confer significant risk for human and mouse autoimmune thyroiditis. The HLA-DR pocket variants that are associated with HT create specific pocket structures that could accommodate certain pathogenic peptides that may initiate HT. The stage now is set to identify these pathogenic peptides and to dissect the mechanisms by which they interact with the disease-associated HLA-DR pocket variants to induce autoimmune thyroiditis.
Patients and Methods
Patients and Controls. HT patients. The project was approved by the Institutional Review Board. Ninety-four Caucasian HT patients were studied. The diagnosis of HT was established on the basis of (i) documented clinical and biochemical hypothyroidism requiring thyroid hormone replacement and (ii) the presence of autoantibodies to TPO, and/or Tg. Anti-Tg and anti-TPO antibodies were measured by specific RIA (Kronus). Controls. One hundred fifty-three age-and gender frequency-matched healthy Caucasian volunteers served as controls. No controls had a personal or family history of thyroid disease or goiter on examination; they had normal thyroid functions and were negative for thyroid autoantibodies (anti-Tg and -TPO antibodies).
DNA Preparation. DNA was extracted from whole blood using the Puregene kit (Gentra Systems).
HLA-DR Typing. Molecular typing of HLA-DR was performed according to the requirements of the American Society for Histocompatibility as previously described (17) .
Direct Sequencing of Exon 2 of the Human HLA-DRB1 Gene. To identify HLA-DR sequences that predispose to HT, we sequenced exon 2 of the HLA-DRB1 gene that encodes the specific amino acids determining the DR specificities (for methods, see SI Text and Table S5 ). Unequivocal sequencing of exon 2 of the HLA-DRB1 gene was achieved in all patients (n ϭ 94) and in 149 of the control subjects.
Sequence Alignment and Analysis. Sequence alignment analyses were performed using the Sequencher version 3.1 program (Gene Codes). The known DR1, DR2, DR3, DR4, DR7, DR8, DR9, DR10, DR11, DR12, DR13, and DR14 subtype sequences were obtained from the ImMunoGeneTics project (IMGT)-HLA Informatics Group (HIG) database (http://www.ebi.ac.uk/imgt/hla/).
Direct Sequencing of Exon 2 of the Mouse I-E Gene in Mice Susceptible and
Resistant to EAT. The mouse I-E gene locus is homologous to the human HLA-DR gene locus. To identify mouse I-E sequences that predispose to EAT, we sequenced exon 2 of the mouse I-E gene, which encodes the specific amino acids determining the I-E specificities. Exon 2 of the mouse I-E gene was sequenced in 22 strains of mice. Of the mouse strains sequenced for the I-E gene, 12 were susceptible to EAT: Strains were classified as susceptible or resistant based on previous studies (30 -34) as follows: when EAT is induced, mouse strains showing an average histological grade Ն3 thyroiditis (in a grading system in which 1 ϭ Ͻ25% thyroid infiltration; 2 ϭ 25%-50% infiltration; 3 ϭ 50%-75% infiltration; and 4 ϭ Ͼ75% infiltration) were classified as susceptible, whereas mouse strains showing less than grade 1 thyroiditis were classified as resistant. We sequenced exon 2 of the mouse I-E gene using the following primers: forward primer GACTCGGGCATCTTGTCGGC, reverse primer CACCCTCACCGTGGTTCCGC. Sequencing was performed using the ABI Big Dye DNA sequencing kit (Applied Biosystems) as described in SI Text. Sequence alignment and analysis were performed using the Sequencher version 3.1 program.
Statistical Analyses. The analyses for association between HT and the HLA-DR variants were performed using the 2 and the Cochran-Armitage trend tests. Haplotypes were imputed based on multimarker predictors using the E-M algorithm embedded in a stepwise logistic regression framework. The logistic regres-sion framework allowed us to determine which allele or combination of alleles may have a causal role in disease and which show association with disease because of LD. Likelihood ratio tests were used to test nested models. The OR and CI were used as the measure of effect of the single variant or the haplotype on the disease. Statistical analyses were performed using the statistical software Epi Info version 6.03 [Centers for Disease Control (CDC)], Stata 10 (STATA), and PLINK (http://pngu.mgh.harvard.edu/purcell/plink) (35) .
Power Calculations. Power calculations were performed by using the CDC simulation software Epi-Info, 3.3.2. We assumed the population frequency of the susceptibility amino acid variants to be 10 -50% based on the population frequencies observed in our controls for the 13 polymorphic HLA-DR amino acids we tested for association with HT. Fig. S2 shows the power calculation curves. The power calculations demonstrated that our dataset of 94 HT patients and 149 controls gave our study 80% power to detect a difference between the patients and the controls resulting in ORs Ն 2.2 with an alpha of 0.05. Our study had 90% power to detect a difference between patients and controls resulting in ORs Ն 2.43. Therefore, our study was adequately powered to detect significant associations of HLA-DR amino acid variants with HT.
Construction of Model Structures.
The structural models of HT-susceptible and -resistant HLA-DR molecules were constructed based on the x-ray crystallographic structure of HLA-DR4-influenza viral peptide complex [Protein Data Bank (PDB) ID: 1J8H] (36). The genetically significant amino acids at positions ␤26, ␤30, ␤70, ␤71, and ␤74 were taken into account when generating the models. These amino acids in the original crystal structure were substituted by molecular modeling software Insight II (Accelrys) if necessary in the construction of the structural models. In HT-susceptible HLA-DR, these positions were substituted for ␤26(Y), ␤30(Y), ␤70(Q), ␤71(K), and ␤74(R), whereas in HT-resistant HLA-DR, these positions were substituted for ␤26(L), ␤30(H), ␤70(R), ␤71(R), and ␤74(Q) (based on our association results).
The structural models of EAT-susceptible and -resistant I-E variants were constructed based on the x-ray crystallographic structure of I-E k -moth cytochrome c (MCC) peptide complex (PDB ID: 1KT2) (37) . The genetically important amino acids at positions ␤6, ␤26, ␤28, ␤30, ␤31, ␤34, ␤47, ␤67, ␤70, ␤71, ␤74, ␤86, ␤88, and ␤92 were considered in designing the structural models. These amino acids in the original crystal structure were replaced if necessary (using Insight II). In EAT-susceptible I-E k , these positions were substituted for ␤6(W), ␤26(L), ␤28(V), ␤30(Y), ␤31(F), ␤34(L), ␤47(F), ␤67(F), ␤70(Q), ␤71(K), ␤74(E), ␤86(F), ␤88(N), and ␤92(P). In EAT-resistant I-E k , these positions were substituted for ␤6(R) ␤26(F), ␤28(E), ␤30(F), ␤31(I), ␤34(R), ␤47(Y), ␤67(I), ␤70(D), ␤71(E/A), ␤74(S), ␤86(S), ␤88(K), and ␤92(R) (based on our I-E sequencing results).
Characterization of Molecular Surfaces. To describe the surface properties of the peptide-binding groove, we calculated the electrostatic potential in each system. The electrostatic potential was calculated using the Poisson-Boltzmann solver in the program Graphical Representation and Analysis of Surface Properties (GRASP) http://wiki.c2b2.columbia.edu/honiglab_public/index.php/Software: GRASP (38, 39) and then was displayed on the molecular surface of each molecule. The ionic strength of the system was 150 mM, and the dielectric constants of the protein and its surroundings were 2 and 80, respectively. In Figs. 1 and S1 , the scale of the potential is set from Ϫ10 kT (red) to ϩ10 kT (blue) Figs. 1 and S1 show how the surface properties differ in autoimmune thyroiditis-susceptible MHC class II and the autoimmune thyroiditis-resistant MHC, in both humans and mice. We also compared the HT-susceptible HLA-DR with the EAT-susceptible I-E.
